The endemic New Zealand Hector's dolphin is considered the rarest species of marine dolphin with a total abundance of less than 4000. The species is listed as vulnerable because of ¢sheries-related mortality due to entanglement in set nets. The vulnerability of this species is further increased by its ¢delity to local natal ranges and the genetic isolation of regional populations. Here we present evidence, based on 108 contemporary samples and 55 historical samples dating back to 1870, of a signi¢cant loss of mitochondrial DNA (mtDNA) diversity in two regional populations of Hector's dolphin. The haplotype diversity (h) was calculated from sequences of a 206 bp fragment in the mtDNA control region, designed to identify 13 out of the 14 known maternal lineages. Over the last 20 years, the North Island population has been reduced from at least three lineages (hˆ0.41) to a single lineage (hˆ0; p 5 0.05). Given its small size, reproductive isolation and reduced genetic diversity, this population is likely to become extinct. The diversity of the East Coast South Island population has declined signi¢cantly from hˆ0.65 to hˆ0.35 ( p 5 0.05). Based on trend analysis of the mtDNA diversity, we predict that the East Coast population will lose all mtDNA diversity within the next 20 years. This time-series of reduction in genetic variation provides independent evidence of the severity of population decline and habitat contraction resulting from ¢sheries and perhaps other human activities.
INTRODUCTION
More than 25 species of dolphins, porpoises and toothed whales worldwide are threatened by incidental, ¢sheries-related mortality, which is termed`by-catch' (Perrin et al. 1994) . However, measuring the impact of this mortality is often di¤cult (Avise 1998) . Demographic approaches have been limited by the absence of reliable estimates of the pre-exploitation abundance. This is exacerbated by the di¤culty of estimating the current (post-exploitation) abundance in severely reduced species such as the vaquita (Phocoena sinus; Taylor & Gerrodette 1993) or widely distributed species such as some pelagic dolphins or porpoises (Perrin & Henderson 1984) . In many cases, managers have depended largely on the reports of the ¢sheries themselves to estimate mortality and for backextrapolation to the pre-exploitation abundance. In the absence of a programme of non-industry observers, the reliability of these reports is unknown. Genetic methods o¡er an alternative, independent approach for measuring the impact of by-catch because the loss of genetic diversity is a direct consequence of a reduction in e¡ective population size.
Until recently, genetic studies were also limited by reliable estimates of the pre-exploitation diversity. As a result, it is di¤cult to use low levels of genetic diversity in contemporary populations to infer a speci¢c time-frame of past population reduction. With the advent of the polymerase chain reaction (PCR) and the ability to extract DNA from teeth, bone and other preserved material (Boom et al. 1990; Rosenbaum et al. 1997) this limitation can be overcome by direct access to the historical record. Comparing change in genetic diversity over time may allow the detection of unsustainable mortality even in populations where factors such as the rate of ¢sheries entanglement or the abundance of the population are not known.
Hector's dolphin (Cephalorhynchus hectori) provides a unique opportunity for detecting genetic loss due to ¢sh-eries' impact. Samples of Hector's dolphins have been collected from 1870 to the present day, providing a timeseries of historical and contemporary genetic diversity. The species has a coastal habitat coinciding with inshore gill-net ¢sheries. The period of impact is well de¢ned as set net ¢sheries in New Zealand began in the late 1920s and became intensive with the development of mono¢la-ment nylon nets and ¢sheries deregulation in the early 1970s (Department of Conservation 1994). Their slow rate of reproduction (5 5% year
71
; Slooten & Lad 1991) and highly localized, small populations make the species potentially vulnerable to even low levels of incidental mortality. Genetic (Pichler et al. 1998 ) and demographic evidence of strong philopatry BrÌger 1998) suggests that gene £ow occurs mostly between adjacent local populations. As a result, the loss of such local populations will cause a gap in the species' geographical range, increasing the likelihood of population fragmentation and isolation.
Here we examine the change in the genetic diversity of regional populations by comparison of data from recent historic (1870^1987) and contemporary (1988^1998) samples and predict future change in diversity in one population using trend analysis.
METHODS
Historical samples of Hector's dolphin were collected from bone or single teeth from museum specimens throughout New Zealand (nˆ55). The small fragments of bone or single teeth were crushed to powder (averaging 0.1g) and DNA was extracted using the silica method (Boom et al. 1990 ) as modi¢ed by Matisoo-Smith et al. (1997) . Contemporary samples (nˆ108) were collected from beach-cast and by-catch specimens and from free-ranging dolphins using a scrub brush . DNA was extracted from skin following a standard phenol^chloroform method modi¢ed for small samples of skin (Baker et al. 1994 ). The total sample of 163 specimens represents four previously described regional populations: the North Island (nˆ24), the West Coast South Island (nˆ51), the East Coast South Island (nˆ82) and the South Coast South Island (nˆ6).
A variable fragment of the mitochondrial DNA (mtDNA) control region was ampli¢ed following methods described previously (Pichler et al. 1998) . To aid in the ampli¢cation of the degraded museum specimens, a primer (dlpFBP: 5'-GTACATGC-TATGTATTATTGTGC-3') was designed to amplify a 206 bp fragment nested within the previous survey of 360 bp (Pichler et al. 1998) . This`indented' fragment captured the variable sites de¢ning 13 out of the 14 haplotypes identi¢ed in the longer fragment. The use of the smaller fragment in the historical samples assumes that, in the past, there were no polymorphisms in the regions of sequence outside this fragment. Even if this assumption were false, the resulting data would represent a minimal loss of haplotype diversity. The statistics which incorporated the historical samples were based on a consensus region of 180 bp bounded by these primers.
The sequences were aligned by eye and a parsimony network was constructed by hand using the genealogy of maternal lineages constructed previously (Pichler et al. 1998) . The genetic diversity of the regional populations was examined at both the haplotype and nucleotide levels (Nei 1987) . The geographical di¡erentiation between the four regional populations was quanti¢ed from the distribution of haplotypes using both conventional F ST and an F ST analogue, F ST . For mtDNA, the F ST statistic is based on the correlation of a random pair of haplotypes within the population relative to the total population (Wright 1951) . The F ST statistic considers only qualitative di¡er-ences in haplotypes regardless of the genetic distances between haplotypes. The F ST statistic incorporates a measure of the molecular distance between haplotypes (Exco¤er et al. 1992) . Because of the simple pattern of nucleotide substitutions in the genealogy of Hector's dolphin mtDNA, a simple p distance (i.e. a pairwise number of substitutions) was used for this estimate. The statistical signi¢cance of F ST and F ST was tested using a permutation procedure and 10 000 replications. All calculations of population diversity and di¡erentiation were performed using the computer program ARLEQUIN v.1.1 (Schneider et al. 1997) .
For the temporal analysis of the diversity, the samples were divided into two time-periods:`historical' (1870^1987) and contemporary ' (1988^1998) . The choice of a midpoint to divide the time-series was based on the 1988 change in commercial set net ¢sheries practice, which was intended to reduce dolphin entanglements (Department of Conservation 1994).
RESULTS
We ¢rst analysed the regional population structure to con¢rm previous reports (Pichler et al. 1998 ) of the genetic isolation of the regional populations of Hector's dolphin using mtDNA sequences of the entire collection of 163 historical and contemporary specimens (¢gure 1a). Analyses of the molecular variance and Wright's traditional F-statistics both showed high levels of di¡erentiation (F STˆ0 .4838 and p 5 0.0001, and F STˆ0 .4723 and p 5 0.0001) between the four populations, indicating longterm gene £ow of less than one female per generation. Further subdivision of regional populations did not reveal an additional population structure or non-random associations of haplotypes within regions.
We measured the haplotype diversity in two regional populations, the North Island and East Coast South Island, where the sample sizes were su¤cient for statistical tests. The North Island population has declined from at least three lineages (hˆ0.410 and pˆ0.0044) to a 
A (4) D (3) E (6) O (1) H ( single lineage (hˆ0 and pˆ0). The East Coast population has declined from nine (hˆ0.652 and pˆ0.0084) to ¢ve (hˆ0.350 and pˆ0.0030) lineages and the most common lineage has increased its representation from 58% to 80%. Using a modi¢ed t-test (Nei 1987) we found that both the North Island (t 23ˆ2 .666) and East Coast (t 81ˆ2 .371) populations showed signi¢cant ( p 5 0.05) declines in genetic diversity (¢gure 1b).
To ensure that the test of historical and contemporary diversity was not biased by the choice of time intervals, we recalculated the change in the East Coast diversity for all possible midpoints by years (¢gure 2). The cumulative historical diversity and contemporary diversity were compared using non-parametric sign tests under the null hypothesis that, if there was no trend, the di¡erence in diversity between each group at each midpoint would be positive 50% of the time. All but one of the 12 midpoints showed a decline for both the haplotype ( pˆ0.0017) and nucleotide ( p 5 0.0001) diversities, indicating that the choice of midpoint did not bias the result.
We used the midpoint analysis to examine the rate of decline in the East Coast population. The cumulative estimate of the haplotype diversity ¢tted a curvilinear regression showing a steep decline from 1988 to 1998 (70.0116 to 70.01477 per year). The extrapolation of this trend provided a prediction of complete loss of haplotype diversity by the year 2018, given the current level of impact.
DISCUSSION
Estimates of genetic diversity typically represent only a snapshot of a population's dynamics. As a result, inference about historical processes can be ambiguous and arguments for the preservation or restoration of biodiversity can be controversial (O'Brien et al. 1985; Caro & Laurenson 1994) . However, by incorporating recent historical samples, we have demonstrated not only low levels of current mtDNA diversity in Hector's dolphins but also measured the rate at which this diversity has been lost. The major cause of this population decline and loss of diversity is thought to be gill-net entanglement ) although, with the exception of a few locations, the rate of by-catch mortality is unknown. Alternative possible causes for the population decline include reduced reproductive success or increased mortality due to coastal pollution or inbreeding depression. To date, there is little evidence to suggest that these are the primary factors which are causing decline on a regional scale. Previous demographic measurements have used back-extrapolation and past reports of ¢shing e¡ort to estimate the historic abundance followed by forwardextrapolation to calculate the current and future abundance (Martien et al. 1999) . The demographic data agree with the results of this study, but are subject to wide con¢-dence intervals due to the di¤culty in estimating the past abundance and entanglement rates (Martien et al. 1999) . Our results provide independent evidence of the serious demographic and genetic threat to Hector's dolphins in parts of their natural range.
A comparative approach con¢rms that the current diversity seen in Hector's dolphins is unusually low (table 1). Other populations with similarly low diversities have low abundances (e.g. less than 400 South-East Africa humpback dolphins; Smith-Goodwin 1997) or a matrifocal social organization (e.g. narwhals; PalsbÖll et al. 1997; Whitehead 1998) . The historic estimates of diversity in the two populations of Hector's dolphin were considerably In all cases except one, the cumulative historical diversity (solid circles) has a greater value than the contemporary diversity (clear circles) indicating that the choice of midpoint was unbiased. A trend (solid line) was plotted using the cumulative historical diversity and includes an extra solid circle representing the cumulative diversity for the entire data set. The trend in the cumulative haplotype diversity has been extrapolated (dashed line) to zero diversity (2018).
higher than the contemporary estimates, even though gill-netting e¡ort has only become intensive since the 1970s. Such a high rate of decline in mitochondrial diversity in these populations suggests a higher rate of gill-net entanglement than has been reported by the ¢shing industry. This decline in genetic diversity could be due to a population decline caused by unsustainable levels of gill-net mortality. Alternatively, the decline could be partially attributed to non-random loss of maternal lineages either as a result of sex bias or loss of subpopulations. Neither sex bias nor subpopulations were detected in this study, supporting the hypothesis that the decline in diversity has resulted from gill-net mortality. The observed rate of decline in the genetic diversity of the East Coast population suggests that the population abundance is continuing to decline (¢gure 2) and suggests that additional management is required for the prevention of future inbreeding and population fragmentation. A further outcome of this analysis was the ability to estimate that, under current conditions, the time to loss of all haplotypes within the East Coast population is around 20 years from now. For the East Coast Hector's dolphin, there may be time to halt the decline in diversity by conventional management schemes, e.g. mitigation of bycatch. Simulations of the population growth rates show that Hector's dolphins are highly dependent on the intensity of ¢shing e¡ort (Martien et al. 1999) suggesting that conventional management can potentially be e¡ective in improving the abundance of dolphin populations. Since mtDNA is sensitive to population change, the e¡ects of mitigation techniques (such as acoustic pingers; Stone et al. 1997) or reduced ¢shing intensity should be detectable as a change in the rate of decline of diversity. For the North Island population, this realization may be too late to ensure long-term survival without more direct intervention.
Although the loss of mtDNA is not in itself evidence of inbreeding depression, it seems likely that the North Island Hector's dolphin has declined to the level at which this possibility must be considered (Lynch et al. 1995) along with environmental and demographic risks (Lande 1988) . The abundance of this population was estimated to be 134 individuals in 1985 (Dawson & Slooten 1988) and simulations suggest that the abundance has since declined (Martien et al. 1999) . The geographical range of this population has contracted to the point that immigration or gene £ow from South Island populations may no longer be possible. In similarly fragmented populations of terrestrial mammals, programmes are under way or under consideration to restore genetic diversity by translocation (Wayne et al. 1991; Roelke et al. 1993; Taberlet & Bouvet 1994; Hedrick 1995 
